Abstract. We describe transient spectroscopic measurements with a current-switched semiconductor diode laser. Following a fast pulse modulation in the injection current of the diode laser, the diode laser frequency is switched by a few hundred MHz and, then, is scanned over 10 GHz range in a short-time evolution (<0.5 µs). Free-induction decay based on the frequency switching and transient absorption spectroscopy of rubidium D1 lines based on the fast frequency-scan are experimentally demonstrated. These fast spectroscopic measurements are accomplished in a single-shot pulse modulation and are, thus, applicable to short-lived samples such as in flowing or combustion systems.
Introduction
Semiconductor diode lasers have been widely used in atomic physics and laser spectroscopy [1] . Recently, the currentswitching technique of a semiconductor diode laser has been used to study optical coherent transient effect [2] [3] [4] [5] . Due to the frequency chirping effect in semiconductor diode lasers [6, 7] , current switching provides a simple, cost-effective method to achieve frequency switching in the laser field. As the laser field is used to drive an absorbing system, coherent transient phenomena such as free-induction decay (FID) and optical nutation can be observed in the transmitted laser field when the laser frequency is switched out of or into resonance with an optical transition of the absorbing system. From these measurements, useful information (such as dephasing time) about optical transitions of the materials can be determined. Since low-cost semiconductor laser diodes are available in a wide range of wavelengths, this current-switching technique may have broad applications in coherent transient measurements of various materials. Using this current-switching technique, coherent transients such as FID have been demonstrated in atomic (rubidium) gas [2, 3] , molecular (iodine) gas [4] , and solid materials with long radiative lifetime [5] . Coherent transient effects of atoms in a magneto-optical trap were also observed by sinusoidally modulating diode laser frequency at a high speed [8] .
In the experiments of observing FID [2] [3] [4] [5] , it was found that following a step-function current switching, the frequency of the diode laser is first switched from ω 0 to ω 1 , as shown in figure 1 , and, then, dynamically shifted by a slower frequency chirp (from ω 1 to ω 2 within the time duration of t 1 −t 0 ). The fast response of the laser frequency was attributed to the carrier concentration change (carrier effect) and the slower response was attributed to the temperature change of the semiconductor lattice (thermal effect) [9] . For the case of a relatively short dephasing time (such as an atomic resonance with a dephasing time of nanosecond scale), a large current pulse (up to 10 mA) has to be used to obtain a large frequency switching (a few hundred MHz or more). In this case, the dynamic frequency shift following the frequency switching becomes large enough to significantly affect the observation of FID signals for a photodetector with a given response time because the heterodyne beat signal between the excited dipole of the sample and the probe laser becomes too fast in time evolution for the photodetector to respond [3] .
In this paper, we show that the dynamic frequency shift of a solitary semiconductor laser following a step-function pulse modulation can be used in a new spectroscopic technique (e.g. transient absorption spectroscopy). That is, the laser frequency is rapidly scanned across an optical resonance of the sample and the dynamic absorption is recorded. When the sweeping time of the laser frequency across an optical resonance is shorter than the optical depopulation time and the dephasing time of the resonance, this transient spectroscopy is a coherent process. In our experiment, up to 12.5 GHz dynamic frequency shift was observed over a 0.5 µs time interval with a 26 mA pulse current (imposed on a dc-bias current of 145 mA). FID based on the frequency switching and transient absorption spectroscopy of rubidium D1 lines based on the fast frequency-scan are experimentally demonstrated. Figure 1 . Experimental arrangement. The injection current of the diode laser is modulated by applying a step-function pulsed injection current from a pulse generator. Following the current switching, the diode laser frequency is first switched from its initial value ω 0 to ω 1 and then quickly shifted to ω 2 within the time duration of t 1 − t 0 .
FID and transient absorption spectroscopy
The output radiation field from a modulated semiconductor diode laser can be written as
where E 0 (t) is the modulated amplitude, ω 0 is the initial laser frequency, and φ(t) is the modulated optical phase. The modulated laser frequency can be written as
For a step-function pulsed modulation in the injection current, the amplitude or intensity modulation of the diode laser field is approximately a step-function as well if the transition time of the modulation pulse is smaller than the relaxation time of the diode laser, as shown in figure 1 . Following the step-function pulse modulation, the response in diode laser frequency ω(t) can be considered in two steps: (1) frequency switching (ω jumps from ω 0 to ω 1 at the time t 0 when the pulse modulation is applied); (2) dynamic frequency shift (ω rapidly change from ω 1 to ω 2 within the time duration of t 1 − t 0 ). Now, we consider the near-resonant interaction between the modulated diode laser beam and an absorbing system (such as atoms, molecules, or ions). The near-resonant absorbing medium can be described as an optical transition with the resonant frequency ω 21 , the longitudinal relaxation time T 1 , and the transverse relaxation time (dephasing time) T 2 . T 1 describes the relaxation of the population difference ρ 22 − ρ 11 between the upper state |2 and the lower state |1 of the transition, T 2 describes the relaxation of the phase coherence ρ 21 , and ρ is the density matrix of the absorbing system [10] . The laser field will induce a coherent field E a (t) due to the induced polarization in the sample, and the transmitted laser field is the superposition of the input field E 1 (t) and this induced coherent field. Therefore, the time dependence of the transmitted intensity can be obtained by
A general analysis including the Doppler-broadening effect has been given to describe coherent transient effects [11, 12] . Here, we just discuss and classify the coherent transient effects related to currentswitching with a diode laser.
FID can be observed in the transmitted intensity |E 1 (t) + E a (t)| 2 of the probe laser field if the initial laser frequency ω 0 is tuned on resonance with the transition at ω 21 and the jumping frequency ω 1 is larger than the relaxation decay rate T −1
2 ). The FID effect is indicated by the heterodyne beat signal between the frequency-switched probe laser field and the induced coherent field at the frequency of ω(t) − ω 0 after the switching at t 0 . Since the laser frequency ω(t) is time-varying after t 0 and tends to reach a steady value typically after time t 1 , the heterodyne signal frequency is time dependent.
The fast dynamic frequency shift following the frequency switching may also result in novel coherent transient effects. A simple example is the transient absorption spectroscopy, in which the probe laser frequency is swept quickly across an optical resonance in a timescale comparable to or smaller than the relaxation times (T 1 and T 2 ) while recording the transmitted laser intensity for spectroscopic information.
In certain applications, this fast frequency-sweep spectroscopy can offer some advantages over the conventional absorption spectroscopy techniques (in which the laser frequency is slowly tuned across optical resonances while recording the transmitted laser intensity such that steadystate population distribution can be reached at each sampling frequency). First, it can be used to do fast spectroscopic measurements for short-lived samples such as in flowing or combustion systems because the laser frequency can be quickly scanned across the interested frequency range so that spectroscopic measurements can be done in a single-shot fashion before the interested species change their forms or decay away. Therefore, this makes a real-time spectroscopic measurement possible. Second, the fast frequency-sweep technique is particularly useful for measuring the materials that have multi-energy-level structures (such as molecular transitions). Since in conventional spectroscopy the speed for the laser frequency to be tuned across the resonance is usually slow compared with the relaxation times (T 1 and T 2 ) of the interested transition, the steady-state absorption is measured. In multi-level systems, only a small fraction of all excited molecules (in |2 ) can return back to the initial ground state (|1 ) by fluorescence decay and this probing level may be depleted completely in steady-state before data can be collected by using conventional (slow frequency-scanning) spectroscopic technique. This is known as the optical depopulation effect due to optical pumping. In multi-level systems, even very low intensity in the probe laser may lead to a significant optical depopulation and, therefore, the probe-laser intensity allowed is much lower than the saturation intensity of the probing transition. This results in more noise in photodetection, especially for weak-absorption molecular transitions.
By using fast frequency-sweep technique, the above problem can be greatly reduced because the time for the diode laser frequency to be scanned across an optical resonance can be much smaller than the longitudinal relaxation time T 1 or the optical depopulation time of the lower level of the coupled transition. The depletion of atomic or molecular population in the lower level due to the optical pumping effect can be neglected during the laser-atom interaction process. In such a case, a two-level approximation can be used for the system to describe the interaction between the sample and the frequency-varying laser field. If the time interval for the diode laser frequency to be scanned across an optical resonance is shorter than T 1 but longer than T 2 (i.e. absorbing ions in solid materials and molecules in a high-pressure buffer gas have very short dephasing time but relatively long fluorescence lifetime), the steady-state absorption profile can be recorded with a linewidth of ω = T −1 2 .
Experiment and results
The transient spectroscopy experiment was carried out with D1 lines (794.8 nm) of rubidium atoms in a Dopplerbroadened vapour cell. Figure 1 shows the sketch of the experimental setup. A quantum-well diode laser is biased by a dc current (∼145 mA) and modulated by a step-function pulse generator (HP8130A). The pulse generator is operated with a repetitive period of 50 µs, a pulse width of 50 ns-500 ns, and a rise time of 350 ps. The pulsed injection current generated in the laser diode is 0-30 mA. The output beam of the diode laser passes through an optical Faraday isolator and a beam expander before entering the sample cell (5 cm long). The laser beam is attenuated to about 1.0 mW cm −2 . The transmitted laser beam is detected by a fast photodetector (1.0 GHz bandwidth). The photocurrent is then amplified by a low-noise wideband amplifier (Mini-Circuit ZFL-1000CN with 1.0 GHz bandwidth) and digitized by a fast-sampling oscilloscope (HP 54750A). The detection system has a rise time of 500 ps.
As the initial diode laser frequency is tuned to near the resonance of the Doppler-broadened transition (5S 1/2 (F = 3)-5P 1/2 of 85 Rb atoms), FID was observed (shown in figure 2 ) for different pulsed modulation currents (6.0, 10, and 12 mA, respectively). The FID signals in the transmitted probe laser beam are considered as heterodyne beating between the initially induced macroscopic polarization of the medium at frequency ω 0 and the frequency-jumped probe laser at frequency ω 1 . The exponential decay time of the FID signals is determined by the optical dephasing time of the transition [11] , which is 29 ns for the rubidium D1 lines (with the natural linewidth of 2π × 5.4 MHz). From the FID signals in figures 2(a)-(c) , it is clear that in the time evolution after the pulse switching the heterodyne beat frequency is not a constant, but is increasing. This indicates that the diode laser frequency is dynamically shifting in time evolution after its first switching to frequency ω 1 . Note that at small modulation current (i.e. 6.0 mA) the FID signal in figure 2(a) is not symmetrical as that in figure 2(c) . This phenomenon can be attributed to the optical nutation effect in the Doppler-broadening gas sample [3] . At low modulation current, the laser frequency is not switched large enough to completely escape the Doppler-broadening atomic resonance (with a width of 540 MHz at room temperature for Rb gas). In this case, a new group of atoms (with a specific velocity) is on-resonance after the laser frequency is switched and leads to dynamic absorption (nutation effect) to the laser beam. This dynamic absorption is added to the FID signal and makes it non-symmetrical. At large modulation current, the laser frequency is switched out of the Doppler-broadening resonance completely so that the nutation effect is much smaller than the FID effect.
If the initial frequency is tuned to off-resonance and the pulsed injection current is increased to a higher value (e.g. 26 mA), the whole hyperfine absorption spectrum of the rubidium D1 lines can be obtained in the time evolution after the current switching, as shown in figure 3(b) . It can be seen that the transient absorption spectrum versus time is a nonlinear function because the frequency deviation of the diode laser is nonlinearly changing in the time evolution. From the known spectroscopic data of the rubidium D1 lines [13] , we can calibrate the frequency deviation in time evolution after the current switching, as shown in figure 3(a) . The solid curve in figure 3(a) is a mathematical fit with an exponential decay function. The result shows that with a 26 mA pulsed injection current, the diode laser frequency is scanned over 12.6 GHz within 500 ns. Since the fast frequency scan of the diode laser in time is nonlinear, a frequency calibration is required in order to measure unknown species. The frequency calibration can be done with standard iodine molecular spectroscopy or with a lowfinesse Fabry-Perot cavity.
The hyperfine structures inside the Doppler-broadened absorption profile can also be resolved by using this fast frequency-scanning technique with a standard saturationabsorption-spectroscopy setup. For this purpose, a main portion (pumping beam) of the diode laser is split by a beamsplitter to counter-propagate through the gas medium against the probe laser beam. Since the propagation time (∼170 ps) for the laser beams to pass through the gas medium is shorter than the detectorÕs response time, the timevarying frequencies for the pumping and probe beams can be considered as the same inside the gas medium. A typical scan for this hyperfine structure measurement is shown in figure 4(b) . The hyperfine structures of 5P 1/2 state of 85 Rb atoms (F = 2 and F = 3 spaced by 362 MHz) are well resolved.
Conclusion
In summary, a novel laser spectroscopic technique based on current switching of a semiconductor diode laser is demonstrated. Following the step-function pulse current, the laser frequency undergoes a frequency switching and a fast frequency-scan. Up to 12.5 GHz dynamic frequency shift was observed within a 0.5 µs time interval in this experiment. To our knowledge, this large amount of frequency-scan is difficult to realize with other laser systems (such as Ti:Sapphire lasers) or EO and AO modulators. FID measurements based on the frequency-switching effect were experimentally demonstrated. Transient absorption spectroscopic measurement was also demonstrated based on the fast frequency-scan effect. This novel spectroscopic technique may be particularly useful for measuring molecular transitions with a reduced optical depopulation effect. Since these fast spectroscopic measurements are accomplished in a single-shot pulse modulation, this technique is applicable to short-existing samples and, therefore, opens up the door for many new potential applications in laser spectroscopy.
